The physico-chemical water characteristics and basin morphology of 10 well-preserved Pomeranian peatland lakes were examined. These are acidic (pH 3.95 -5.99), softwater (1.5 ±0.9 mg Ca dm -3 ), and oligotrophic water bodies. Their hydrochemical conditions differentiate them into two groups: poor (3.04 ±2.77 mg C dm -3 ) and rich (10.36 ±7.27 mg C dm -3 ) in organic carbon compounds. They differ in water colour (p = 0.02), humic acid concentration (p<0.001), redox potential (p = 0.007), and irradiance (PAR; p = 0.03).
INTRODUCTION
Lake features are determined by external conditions such as geological substrate, chemistry of the water feeding the lakes, soil and vegetation of the catchment area, and human activity (Wetzel 2001) . Features of the lake ecosystems also result from interactions within the reservoir itself, e.g. the physical and chemical processes going on in the water and sediment (Hutchinson 1975; Spence 1982) , and from the phytocoenotic and biotopic conditions of the phytolittoral (Szmeja 1992) .
Peatland lakes are highly susceptible to the effects of their catchment areas as well as processes taking place in the water bodies themselves. They are characterised by the distinct morphological features of basins (Banaś 2010) , which are above all connected with the dominance of sedentation in sedimentation processes. As lakes age, their basins go through the process of shallowing by filling with organic matter (Tobolski 2003) . This is mainly due to the accumulation of peat, which often forms vertical walls occupied by particular habitats of submerged vegetation (Banaś, Gos 2008; Banaś et al. 2011) .
The location of lakes in the vicinity of peatlands contributes to their one-sided development, which is determined by a large supply of humic substances (HS). The HS play a crucial role in the functioning of lake ecosystems (Górniak 1996) , which have been studied in detail. The HS absorb ultraviolet radiation (UV), bind many organic and mineral compounds, affect their availability to organisms, and control photosynthetic efficiency, as well as determining the mobility of metal ions and toxic compounds.
The HS concentration in the pelagic zone and sediments is highly correlated with latitude (Pienitz, Smol 1993) and with the types of geological deposits, soils, and vegetation in the catchment area. The bigger the surface of the catchment covered with peatlands, the richer lakes are in humic substances (Górniak 1996) . It should be emphasised, however, that the abundance of HS in the peat water, and consequently the effect of this water on lake ecosystems, depends on the developmental stage of peatland vegetation and how dry the peat deposit is (Gorham et al. 1986; Engstrom 1987; Banaś 1999; Banaś, Gos 2004) . The objective of this work is to determine the hydrochemical characteristics of the peatland lakes found in NW Poland and the main factors which differentiate them. In addition, this paper aims to show that the hydrochemical conditions in the peatland lakes are shaped not only by the size of the neighbouring peatlands, but more importantly, by the morphological features of lake basins.
MATERIALS AND METHODS
Ten peatland lakes were studied ( Fig. 1) , i.e. lakes surrounded by a belt of poor fens and/or raised bogs, in the Pomeranian Lakeland (NW Poland). The lakes were selected from a group of 23 examined peatland water bodies because they were wellpreserved and with no visible symptoms of anthropogenic pressure. In 2005 and 2006 (and also during 2004 in lake numbers 1, 3, 7 and 9) during summer stagnation (July), the following measurements were performed in the water column every 1 m of depth in each of the lakes: temperature, oxygen saturation, intensity of photosynthetically active radiation (PAR), and concentrations of carbon dioxide and hydrogen carbonates. Secchi disc visibility was determined without a visor on the water surface. Each time, three water samples were collected from the surface, three from benthic layers (0.5 m above the bottom), and one from the depth transect every one metre to the lowest limit of plant occurrence. In the samples pH, conductivity, colour and content of humic acids, total carbon (TC), total organic carbon (TOC), and inorganic carbon (IC) were measured.
Carbon forms were determined using a Shimadzu TOC 5000 analyser. Water colour was measured on the platinum scale, and calcium concentration was measured using a complexometric method with a versenate solution in the presence of calcess as an indicator (Eaton et al. 2005) . Electrolytic conductivity was analysed by means of an LF conductivity meter with a TETRA-CON 96 electrode, and pH and redox potential were measured using a 320/SET1 pH meter, with SENTIX 97T and glass METTLER P14805-S7/120 electrodes, respectively. Water temperature, oxygen saturation, and oxygen content were measured with an OXI 96 meter with an EOT 196 electrode, and intensity of photosynthetically active radiation (PAR) was measured with a LiCOR Li-250 meter.
The following lake basin features were determined: the length (l) and maximum breadth (b) of the lakes as well as their area (AL) and the peatland area (AP), based on a map with a scale of 1:10 000. The maximum depth (zmax) was measured with an Eagle TriFinder echo sounder. Lake elongation (W) was calculated from the formula W=l/b, and shoreline development (DL) was calculated as L/2√(πAL), where L stands for shoreline length [m] (Wetzel 2001) . In addition, mean depth (z), relative depth (zr=50zmax√π/√AL), depth coefficient (Cz), mean breadth (b=AL/l), level of basin concavity (E=(3z-zmax)/zmax·100%), bottom area (F), mean basin slope inclination (N), and lake volume (V=z/3·[A1+A2+√A1A2]) were calculated according to formulas suggested by Lange (1993) . As no bathymetric charts had been drawn for the studied lakes, the data necessary for the calculations above were obtained from field measurements which consisted of the determination of changes in bottom shape along the depth gradient. Due to vertical peat walls and numerous hollows in them, a scuba diver carried out the measurements, recording the distance from a tape vertically anchored to the lake bottom every 0.5 m (1 m) of depth. In order to determine the effect of peatlands on a lake, modified Ohle (CO) and Schindler (CS) coefficients, where peatland area was used instead of catchment area, were calculated.
The statistical analysis consisted of the calculation of the arithmetic mean (x), standard deviation (s.d.), range (min.-max.), and median (Me) of the physico-chemical water features (Hays 1988) . Peatland lakes are a homogenous group due to their highly specific morphological and hydrochemical features. Despite this fact, the lakes were grouped with regard to their hydrochemistry by means of Ward's method using the urban distance (Manhattan) in the program Statistica 8.1. The significance of differences in the hydrochemistry and basin morphology of the lake groups established in this way was tested by one-factor ANOVA with Tukey's HSD (Honestly Significant Difference) test (Milliken, Johnson 1984; Hays 1988) . The correlations between the hydrochemical and morphological features of lake basins were determined by linear correlation analysis. Detrended correspondence analysis (DCA) was performed in the programme Canoco 4.5 (ter Braak, Smilauer 1998). It showed that the physicochemical data and the morphological data concerning the lake basins have a linear structure (eigenvalues <2 SD), which suggests the application of Principal Components Analysis (PCA) and Redundancy Analysis (RDA; ter Braak, Smilauer 2002). Before the analyses, the data were standardised, but not transformed. PCA was performed for hydrochemical features and RDA for the correlation between the hydrochemistry and morphology of lake basins (ter Braak, Smilauer 1998). The statistical inference was conducted at an error level of p<0.05.
RESULTS

Hydrochemistry
Peatland water bodies are softwater lakes. Water pH in the surface layers ranges from very acidic to slightly acidic Me = 5.40) . Colour also has a wide range of variation (5 -150 mg Pt dm -3 ; Me = 32.5), whereas conductivity (23.6 ±11.8 µS cm -1 ; Me = 20.1) and calcium concentration (1.5 ±0.9 mg Ca dm -3 ; Me = 1.4) are always very low.
Redox potential is highly variable (25 ±128 mV; Me = 104), and reductive conditions, which are found even in the surface layers, indicate environmental conditions unfavourable to aquatic organisms. Total carbon concentration changes from 0 to over 18.6 mg C dm -3 . Almost all of this carbon is organic and contained in humic acids (2.7 ±2.9 mg dm -3 ; Me = 2.1). The presence of these acids causes strong water colour, limitation of Secchi disc visibility even to 1 m (3.0 ±1.7 m) and a considerable reduction of photosynthetically active radiation (PAR). In many of the water bodies, there is no PAR at a depth of 2 m (Fig. 2) , and only 3% of radiation falling on the surface reaches a depth of 1 m. Due to high absorption of solar radiation in the surface layers, they are often overheated, while the deeper ones remain cold despite shallow depth (Fig. 2) . In the lakes with water colour exceeding 25 mg Pt dm -3 there is no epilimnion, which is also connected with the small area of peatland lakes and limited windinduced water mixing.
Benthic water pH is slightly higher than that of surface water, but less variable (pH 5.07 -6.03; Me = 5.32). Benthic water is also a little more strongly coloured (5 -185 mg Pt dm -3 ; Me = 62.5) and has 
Lake typology
Peatland lakes can be divided into two main groups in terms of physical and chemical environmental features (Fig. 3) , namely those which are poor or rich in carbon compounds. The former group (Fig. 3A) is made up of lakes with a low concentration of carbon compounds in the water (0 -5.36 mg dm -3 ). The main carbon form is organic carbon (Table 1) contained in humic acids, the concentration of which ranges from 0.35 to 4.77 mg dm -3 . Surface water pH is slightly acidic and not very variable (pH 5.30 -5.92; Me = 5.47). A wide range of water colour (5 -50 mg Pt dm -3 ; Me = 15) causes the visibility to change considerably between 2.5 and 7.5 m. The water is poor in dissolved mineral compounds. Its conductivity is very low in both surface and benthic layers (23.1 ±6.3 and 26.1 ±2.2 µS cm -1 , respectively). Benthic water differs only slightly from the surface layer due to the shallow maximum depth. It has a higher concentration of humic acids, stronger colour, and sporadically also reductive conditions (Table 1) . Lake water oxygenation is generally good, and anaerobic conditions are only occasionally found in the benthic zone (Fig. 4) . Light conditions are relatively good, but in the lakes with slightly coloured water, the depth range of the photic zone is limited to 4 m.
Lakes poor in carbon compounds can be Fig. 3 . Lake groups based on hydrochemical features: A -poor in organic carbon compounds, B -rich in organic carbon compounds. 1 -Małe Łowne, 2 -Zahebowe, 3 -Rybie Oko, 4 -Kocioł, divided into two subgroups (Fig. 3 -A1, A2 ). Wellpreserved oligohumic water bodies (4, 5) with almost colourless water and a low organic carbon content are especially worth mentioning. The other lakes are α-mesohumic in character. They are characterised by a much higher (p<0.001) concentration of carbon compounds, which reduces the PAR intensity at a depth of 2 m (p=0.008) and deteriorates oxygen conditions below 4 m (p<0.001).
The latter category consists of lakes rich in carbon compounds. They are highly varied in depth (4 -16 m) and characterised by lower visibility (1.1 -3.0 m) than the former group, and by a stronger, brown water colour (p=0.02; 25 -150 mg Pt dm -3 ). Moreover, their range of pH, which changes at the surface from highly to slightly acidic (3.95 -5.99; Me = 5.32), is much wider. The concentrations of carbon compounds (10.48 ±7.24 mg dm -3 ; Me = 6.03) and humic acids (8.71 ±6.88 mg dm -3 ; Table 1 ) are over three times as high, which reduces the PAR intensity even in the shallowest water layers (p=0.03 at a depth of 0.5 m; p=0.02 at 1 m). Just as in the first group, electrolytic conductivity is very low (24 ±16.5 at the surface; 31.6 ±18.7 µS cm -1 at the bottom), whereas redox potential is considerably lower. Reduction reactions dominate even in the surface water (p=0.007), while in the benthic layers the potential is always negative (p=0.002). Water oxygenation is decidedly worse than in the first group. Fairly good oxygen conditions exist only to a depth of 3 m (Fig.  4) . Due to strong humic acid colouring and absorption of solar radiation, water temperature falls and the amount of PAR decreases with increasing depth (Fig. 4) .
The division of the lakes rich in carbon compounds into two subgroups results mainly from the characteristics of polyhumic lakes (subgroup B, Fig. 3 ), which are almost four times richer in total and organic carbon (p<0.001), as well as in humic acids. This concerns both surface layers (p=0.006) and benthic ones (p=0.02). In addition, in these lakes reduction reactions (p=0.01) dominate even at the surface, and water conductivity in the benthic layers is much higher (p<0.001).
The principal components analysis diagram illustrates the hydrochemical differentiation of peatland lakes (PCA; Fig. 5 ). The first two axes explain as much as 72.1% of the total variation of aquatic environment features, with gradient length (eigenvalues) 1 = 0.552 and 2 = 0.168. Axes 3 and 4 explain in total only 16.1% of the total variation of the features (3 = 0.111, 4 = 0.051). The visible difference in gradient length between axes 1 and 2 shows that the water features connected with the first one are of major significance in the differentiation of environmental conditions of the lakes under study (Fig. 5) . The calculated correlations indicate that the first ordination axis is strongly correlated with the The hydrochemistry of peatland lakes as a result of the morphological characteristics of their basins| 33 www.oandhs.org variables describing the abundance of carbon compounds in the water (TOC, TC), including mainly humic acids (DHA, HA, water colour), but also the variables characterising the thermal conditions and oxygenation of the water and PAR intensity. Both groups of features are negatively correlated, which means that on the right of the diagram there are lakes rich in organic carbon compounds (β-meso-and polyhumic -black dots) with weakly oxygenated waters and low PAR intensity, while the lakes on the left are poor in TOC and humic acids (oligo-and α-mesohumic) with colourless, well-oxygenated and well-lit water (white dots). The additional, vertical variation of the lakes in the ordination results from the water properties which are not correlated with the content of organic carbon compounds. These are inorganic carbon concentration, redox potential of the surface water layers (Eh_A), and water pH, especially that of benthic layers (Fig. 5 ).
Hydrochemistry and morphology of lake basins
The hydrochemical variation of peatland lakes stems from the different content of organic carbon compounds in the water, especially humic acids. Their high concentrations are not dependent on the peatland area, which is confirmed by weak correlations with the CO and CS coefficients. They are mainly a result of the morphological characteristics of lake basins, especially lake size and depth and bottom inclination. This is indicated by strong and statistically significant correlations of many water properties with the morphological features and coefficients of basins ( Table 2 ).
The strong water colour, which results from the high abundance of humic substances in the water, is highly positively correlated with lake depth (maximum, mean and relative; r=0.7), basin concavity level (0.6), and bottom inclination (0.8).
On the other hand, it is negatively correlated with the features connected with lake size, such as lake area, length, breadth, shoreline length and level of development, lake elongation, and bottom area. The above-mentioned morphological features affect the concentrations of HA, DHA, TC, and TOC to a similar, but lesser extent. There is a reverse relationship between lake size and calcium concentration and redox potential; these features which reach high values in large lakes, and low values in small and deep ones (Table 2) . Electrolytic conductivity, pH, temperature, and inorganic carbon concentration show few and only weak correlations with the morphological features of lake basins. Only oxygenation and PAR intensity are not correlated with the morphological lake basin characteristics in a significant way.
The biggest peatland water bodies are usually poor in carbon compounds. This is due to the fact that, despite having fairly large areas, the surrounding peatlands only slightly affect the lakes (low values of Ohle and Schindler coefficients) (Fig. 6) . These are properties, 1-4 m -depth water layers; TC -total carbon; TOC -total organic carbon; ICinorganic carbon; HA -humic acids; DHA -dissolved humic acids; Eh -redox potential; O2 -oxygen saturation of water; PAR -light intensity; T -temperature; Ca -concentration of calcium Table 2 Linear correlation coefficient r of physico-chemical and morphological features of lake basins. visibly elongated and are the longest water bodies with well-developed shorelines. They are also characterised by the largest volume and bottom area. Nevertheless, they are shallow, the slopes of their basins are gentle, and the level of basin concavity is low (Fig. 6) . The lakes rich in organic carbon are situated among peatlands that are larger in surface area. In comparison with the TOC-poor water bodies, they are much smaller and characterised by higher values of the Schindler, and especially Ohle, coefficients (Fig. 6) . This indicates the lakes' high sensitivity to the effect of peatlands. In addition, their shorelines are less developed, they are not as elongated (they are almost circular in shape), and their volumes and bottom areas are smaller. However, their maximum and mean depths are considerable, and they have steep bottom slopes and a high level of basin convexity (Fig. 6) .
The RDA diagram presents the correlation structure between the morphological lake features and the variables of the aquatic environment (Fig. 7) . The Monte Carlo test showed that the effect of the morphological features of lake basins on the water properties is statistically significant for both the first (p=0.002; F=73.3) and for all 4 of the canonical axes (p=0.002; F=6.8). The first two axes explained in total 80.6% of the variability of features of the aquatic environment and as much as 93.4% of the variation in physico-chemical water properties and lake morphology considered together. Water body size is of special importance in the differentiation of the aquatic environment (lake and bottom area, degree of shoreline development, maximum and mean depth, and coefficient of bottom inclination; Fig. 7) . The conducted analysis showed that the morphometric features and coefficients predominantly affect the abundance of organic carbon compounds in the water, including humic acids, as well as light and thermal conditions. Water oxygenation is influenced only in the deeper parts of the water bodies (below 2-3 m). The morphology of the lakes appears not to exert any effect on calcium concentration and electrolytic conductivity in the water, not to mention its redox potential, thermal conditions, and oxygenation in the surface layers (to 2-3 m; Fig. 7 ).
DISCUSSION
Acidic, softwater, and oligotrophic as they are, peatland lakes are characterised by diverse methods of water mixing (poly-, di-and meromictic), and consequently display very varied thermal layering, due to their different depths. What is more, dark water colour caused by the presence of humic substances (HS) contributes to increased heating of surface layers. A very shallow epilimnion and a deep and fairly cold hypolimnion, which is deoxidised very quickly as a result of the decomposition of accumulated organic matter, are formed under such conditions. The conducted analyses indicate that, because they determine the richness of organic carbon compounds in the water, the morphological features and coefficients have a decisive effect on the hydrochemical typology of peatland lakes. It follows that they may affect light, oxygen, and thermal conditions. Thus, the hydrochemical characteristics of peatland lakes result from the peculiar morphology of their basins, which are filled to a large extent with organic matter formed in the process of sedentation (peat). The peat is constantly in touch with the water body and determines its one-sided development (distrophication and humication). Many lakes in lakeland areas with a large number of peatlands have brown water (Lillie, Mason 1983; Wright 1983; Gorham et al. 1986; Overton et al. 1986; Rogalla 1986; Górniak 1996; Gos et al. 1998) . Numerous studies show that peatland waters, being rich in dissolved carbon compounds and humic substances (McKnight et al. 1985; Urban et al. 1987 Urban et al. , 1989 , are responsible for the increased concentration of organic matter and the resulting water colour (Engstrom 1987 , Gorham et al. 1986 ). However, as it was shown in this work, the size of the adjacent peatland does not determine the environmental conditions in the peatland lake (see Table 2 ). What is more, lake size and volume are also of marginal importance.
The hydrochemistry of peatland lakes is predominantly shaped by the basin features related to depth and littoral zone inclination, as they determine the size of the contact surface between the peat and the water and consequently the amount of water exchanged between the peatland and the lake. That is why small lakes, if they are shallow, generally have clear and colourless water and are characterised by relatively good light and oxygen conditions due to the small amount of humic substances supplied from the surrounding peatlands. In addition, the reversal process of weak humic acid dissociation in the strongly acidic environment (pH<5.0) is conducive to sedimentation and water clarification. In deep peatland lakes, where the bottom has vertical peat walls, the contact surface between the lake water and the peat is large. An enormous supply of HS causes Fig. 7 . Dependence of hydrochemical features on basin morphology. A -surface water properties, B -benthic water properties; TC -total carbon; TOC -total organic carbon; IC -inorganic carbon; HA -humic acids; DHA -dissolved humic acids; Eh -redox potential; O2 -oxygen saturation of water; PAR -light intensity; Ttemperature; Ca -concentration of calcium; AL -lake area; AP -peatland area; CO -modified Ohle coefficient; CS -Schindler factor; W -lake elongation; l -maximum length; bmaxmaximum breadth; b -mean breadth; L -shore line; DL -shoreline development; zmaxmaximum depth; z -mean depth; zr -relative depth; Cz -depth coefficient; V -volume; Elevel of basin concavity; AB -bottom area; N -mean basin slope inclination (2) lakes, and the probability of differences based on the Kruskal-Wallis test. Fig. 9 . Oxygenation, PAR intensity, and water temperature in the water column of moraine (1) and outwash (2) lakes.
the lake water to have properties similar to the peat ground water, in that it has a very strong colour and high levels of organic carbon compounds. Despite the intensive process of sedimentation, the constant supply of HS prevents water clarification. The colour may become stronger in spring and autumn, during heavy rainfall, or as a result of water circulation (Szpakowska, Życzyńska-Błoniak 1994) .
When peatlands and bog forests are drained, large amounts of humic substances reach the lakes (Banaś 1999; Banaś 2004) . The degradation of peatlands, mainly caused by draining, is a common process and concerns both peat vegetation and the peat deposit itself. As a result of peat mineralisation, ground waters become enriched with humic acids, mineral salts, and other humic-mineral complexes (Banaś, Gos 2004) . Along with this matter, the water from drained habitats is transported to lakes and rivers via ditches, which results in far-reaching changes of water and sediment properties in these ecosystems. Light intensity under water drops, and the primary production of plankton and macrophytes becomes highly limited (Effler et al. 1985 , Bociąg 1998 , Gos et al. 1998 . A massive accumulation of humic matter in the ecosystem causes increased ion complex formation, especially that of metals (Driscoll et al. 1980 , Buffle 1984 , Sposito 1986 , Kinniburgh et al. 1996 . This changes the cycling of ions in the ecosystem (Beck et al. 1974; Sholkovitz, Copland 1982; Driscoll et al. 1988) and often leads to a complete blockage for organisms (Jackson, Hecky 1980; Stewart, Wetzel 1982; Guildford et al. 1987) . Consequently, as a result of anthropogenic humication, various types of water bodies, including non-peatland ones, undergo a permanent transformation (Bociąg 2000; Banaś 2001; Bociąg, Szmeja 2001; Szmeja 2000; Szmeja et al. 2000) . Despite the intensive sedimentation of organic matter, the water colour is very strong due to the constant supply of HS. This in turn limits, or even prevents, the occurrence of submerged plants in humic lakes.
Water percolation, which is a dominant phenomenon in our climatic zone, leads to the constant water exchange between the peatlands and the lake in lake-mire complexes such as peatland water bodies. When the peat is well-hydrated, rainwater gets to the lake flowing mainly on the peatland surface. When the peat is dry, however, the water is first filtered through the peat (Ilnicki 2002) , where it becomes enriched with organic matter. The matter formed during peat decomposition is introduced to the lake from the catotelm, which is in contact with the pelagic zone. This phenomenon is observed to be the most intensive in small and deep water bodies, where the peat deposit forms vertical walls and catotelm overhangs (Banaś 2010 , Banaś et al. 2011 , which explains the high concentration of carbon compounds in such water bodies.
The role of lake basins in the hydrochemical differentiation of peatland lakes can be seen when moraine lakes are compared with outwash lakes. They are characterised by different basin morphology. Moraine peatland water bodies (lake numbers 6, 7, and 9) have steep slopes of the littoral zone and are smaller and deeper than the outwash ones. Their water is always richer in organic carbon compounds (13.86 ±7.85 mg TC dm -3 ; Me=18.17; Fig. 8) , colder, and not as oxygenated or irradiated (Fig. 9 ). Outwash lakes (lake numbers 1-5, 8, and 10) are large but shallow. Thanks to the low concentration of organic carbon compounds (3.76 ±2.60 mg TC dm -3 ; Me=5.06), the conditions present in the outwash lakes are more favourable to submerged plants than in the moraine ones. This refers not only to light (p=0.03) but also oxygen and temperature (p=0.004; Fig. 9 ). The exceptional submerged vegetation structure reflects the hydrochemical and morphological features of the peatland lakes. It is characterised not only by low species diversity and narrow depth range, but also varied abundance depending on the place where plants occur (vertical peat walls or horizontal surfaces of the bottom itself) (Banaś, Gos 2008) .
